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ABSTRACT

Aims. We analyze coronagraph observations of a polar jet obsdoyethe Sun Earth Connection Coronal and Heliospheric
Investigation (SECCHI) instrument suite onboard the SoEmrestrial RElations Observatory (STEREO) spacecratft.

Methods. In our analysis we compare the brightness distribution @féhin white-light coronagraph images with a dedicate@#m
particle model. We obtain a consistent estimate of the thmethe jet was launched from the solar surface and an appateiinitial
velocity distribution in the jet source. The method alsowH us to check the consistency of the kinetic model. In thés dipplication,
we consider only gravity as the dominant force on the jetiglagt along the magnetic field.

Results. We find that the kinetic model explains the observed brigdgrevolution well. The derived initiation time is considtesith
the jet observations by the EUVI telescope at various wagghes. The initial particle velocity distribution is fittdry Maxwellian
distributions and we find deviations of the high energy tehi the Maxwellian distributions. We estimate the jet'satatlectron
content to have a mass betweef 8 10** and 18 x 10'° g. Mapping the integrated particle number along the jetttayy to its
source region and assuming a typical source region size pignoan initial electron density betweenx8L0(° and 5x 10'° cm3
that is characteristic for the lower corona or the upper togphere. The total kinetic energy of all particles in thesf@irce region
amounts from 2L x 10?8 to 24 x 10*° erg.

Key words. Sun: activity — Sun: corona

1. Introduction prevents the bulk of the jet material from falling back ortte t
. - Sun after it was ejected.
Polar coronal jets were originally observed by the Extreme- Wood et al 9) improved the jet velocity estimates by
Ultraviolet Imaging Telescope (EIT) onboard the Solar a .Iﬁgﬁsing on height-time plots. The authors de
:—|e||0§E)he|_r|cht0tt;]serva}0ry_ (tSOdHO) I_(-DTantJ)mgLiA’jté Hgg ermined the trace of the jet centroid from the EIT to the C¥/FO
n_whrte 1gnt, e7 poiar Jets |scove(rje ”.y dw?jrw and found that the observed kinematic trajectories coufitted
QS-L%LQI-%I'LM )I ahppearhnarlrow and co 1|_rrr]1ate »an P&yith some success by ballistic orbits. They concluded, vewe
rapidly as they travel through polar regions. They are GfS0- . oravity alone was not the only force controlling thegep-
ciated with an Extreme-Ultraviolet (EUV) jetseen near tpkas agation. Because of the similar behavior of the jets stydieth
surfacel(Wang et al., 1998). These jets are often rootedghtyr Wood et al.|(1999) and Wang et al. (1998) suggested that by the
low-lying loop features and are similar in appearance td %of ;0 jots reached the C2 FOV, they were incorporated into the
ray (.SXR) ]etswwmggn'@e ambient solar wind.
sential acceleration mechanism for all these jets is véwhi More recently, Ko et 21/ (2005) studied a jet observed jgint
provided by magnetic reconnection. Théeiience between the s\ era instruments above the limb. These authors fchatd t
ab_ove and other jet-like fegtures, 9. c_hromospherlclﬁatbe a ballistic model could explain most of the dynamical preper
altitude where the magnetic reconnection is assumed tor.oc s of this jet. In their model it was assumed that the gas was
The higher energy jets tend to be accelerated at a higher ﬁ'ected u ’ . P
X ; pward from the surface with a range of initial sgeed
tude than .the lower energyjets_(_S_th_ata_éﬂ_a_lu_lZ(_)OD. The E he smooth change of the upflow-to-downflow speed at a cer-
aﬂd SXR Jﬁts are %fteln caused by the reconnection in the UPRSh altitude derived from the ballistic model was found ® b
chromosphere or the lower corona. : ; S "
S consistent with the change of the line intensities from Depp
:I@S) _analy;ed 27 jets in EIT and LA.SC_O dafﬂmming observed by UVGSOHO. Owing to a lack of high ca-
and characterized their motion by thredfelient velocities: the dence coronagraph observations Ko et al.'s study was éathent
leading-edge velocityieq, the centroid velocityee, and the ini- confined to heights below 1.64. '
tial VeIOCitYV".‘“ O.f the Centroiq. In all casegen was m_uch less On June 7, 2007 a big eruptive jet was observed by EUVI,
thanvieq, indicating that the jets stretched out rapidly as th OR1, and COR?2 on board the STEREO mission with higher
propagated through the corona. The authors also foundhbat {4 ia| and temporal resolution compared to the data frof El
bulk ofthej_et matef'a' decelerateq as |tpr0pa_gated f“m‘"t.“'b and LASCO C2. It extended from the solar surface to,5
to the C2 field of view (FOV). This deceleration was attrlhwte-l-he event was also studied by Patsourakos|ét al. {2008) frem t
to solar gravity. However, the combined results/gf < Vescape stereoscopic viewpoint. They estimated the jet positionsthe

andViead > Vescape, and the lack of evidence for downflow in EIT - . - .
and C2 led Wang et al. to propose some in situ acceleratidn tﬁgeed ofthe leading front atitérenttimes in the EUVI FOV.
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In this paper we will attempt to analyze the same jet bas|il
on white-light coronagraph observations at heights beduait
1.5r,. We extend the ballistic approach by Ko et al. (2005) H
quantitatively comparing the density variation from Thams
scattered white-light brightness affféirent heights to the vari- f
ation expected from a ballistic model of the jet particlekisT §
method has the advantage that it avoids the estimates @rjet ¢
troids and fronts. These fronts are not well-defined forféudi
sively spreading plasma cloud, the jet centroids are ofit@icdlt
to determine because a substantial part of jet materiabidemi

analysis lies is that it also provides a test of the validftthe bal-
listic model. We therefore receive much more informaticenth
the conventional leading edge, centroid velocity measargm
After the description of the observations§ig, we will introduce [EEesEE
the ballistic model ir§3. In §4 we present the results and try t¢=

extrapolate our findings to the jet source region and alsnié® Fig 1. The jet time series of dierence images at 304 A, 195 A

the limits of our model. Finally, we summarize our conclimsio 5,4 284 A from top to bottom observed by the EUVI instrument
in the last section. on board STEREO A.

2. The data
2.1. The polar jetin EUVI, COR1, and COR2 images

SO00 prmmmr T T T T b

The jet we investigated was observed over a radial range ,5gt
from the solar surface out to five solar radii. We used ob- E
servations from the EUVI and two white light coronagraphs .
(COR1 and COR2). They belong to the SECCHI instrumentsuit 5,4 F
(Howard et al., 2008). EUVI is a full disk imager with a FOV of ¢ :
1.7r,. COR1 and COR2 are two traditional Lyot coronagraphs, =
with the FOV in the range of 1.5, to 4ry, and 2.5 to 15r, re- >
spectively. The angular resolution of one pixel in EUVI, CQR
and COR2 is 1.6 arcsec, 7.5 arcsec, and 14 arcsec, respective

In EUV, the jet could be observed at all four wavelengths
from the EUVI telescope. The time cadence was 10 minutes for
304 A and 195 A, and 20 minutes for 284 A. For 171 A, the tem- g ]
poral resolution was as high as 2.5 minutes. In Hi§ys. 1/and 2 we O Ll Lo L T
show the diference images of the event at four wavelengths of 2000 —1000 0 1000 2000
EUVI observed by STEREO A. They were created by subtract- X (Mm)
ing the pre-event images shown in color in the leftmost calum

of Figs[1 and®. The following frames displaying the jet &la rig 4 jet geometry in units of Mm trace from EUVI to COR1,

times is running from left to right with time. Nearly simutte- e, 1o COR2 (thick curve segments). The thin solid curve is a
ous images at dierent wavelengths are stacked vertically. line fit to the three traced segments. The half circle mtéfs
The EUVI observations indicate that this jet contains botite sojar limb.

hot and cool material. The jet eruption first clearly appdane

hotter lines 195 A and 284 A at around 05:06 UT, later in 171 A _ _ _ o

at around 05:11, and finally in 304 A at around 05:16 UT. Thentire height range. In the next section the trajectory tobgeti-

jet life time appeared to be shorter in the hotter lines (IBF, cles is calculated along this thin solid curve in Elg 4. Thedgjo

and 284 A), and was clearly longer in the cooler line (304 Aji_llgnment of the jet segments from t_he thre_e instruments ind

More detailed descriptions of the EUV observations of tets jCates that they are part of the same jet. Notice that thereawas

are provided ifi Patsourakos et al. (2008). slight change of about 6 degrees between the jet directasecl
The jet we are studying here was also traced in the COf@ the surface as seen in EUVI and at altitudes beyabdd

and even in the COR2 field of view. These observations are €N iN COR1. As a summary, the jet extended outrig. She

main object of our analysis. COR has a polarizer measuring ppetime in EUVI was around several tens of minutes, in COR1

larized brightness in three directions separated by’ .12fbm the event could be observed for about 1.5 hours and in COR2 for

this the total brightness is obtained by the standard praeed@Pout 3 hO’LBJ\I’S. o
secchi_prep. In Fig.[3 we show the total brightness of the jet ob- At 171 A which is the preferred EUV wavelength for plume

servations as dference images with respect to the closest pr@bServations, we noticed a preexisting plume to the rigtnteh
event image. Again the images are arranged with observatiifi€ Of the jet. In COR1, the plume was found cospatial wiéh th

time from left to right and stacked roughly synchronously fd®t- It is not exceptional that a plume is aligned with a jetin
different telescopes. projected 2D image (Wilhelm et al., 2011). However, this enor

In Fig @ the jet geometry traced in the FOV of EUVICT less close alignment along the same line of sight (LOS) may

COR1, and COR2 is shown by the three thick curve segmerft§.a coincidence. In STEREO Bimages at 171 A we also found a
A smoothing spline is employed to connect the jet orbit oker t Preexisting plume slightly to right-hand side of the jetJOR1

2000 *

WOOO;
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Fig.3. Jet time series of élierence total brightness images observed by COR1 (upperaond)COR2 (bottom row) onboard
STEREO A. The FOV of each frame in the upper row is Y062355’, in the bottom row 2744x5614’. As a reference, the solar
radius was around 1002s observed by STEREO A.

B the plume signal was too faint to conclude that the plume wasd3. It ends at 09:21 UT when we were barely able to see a jet
really close to the jet. In view of the small separation oftihhe signal any more.
spacecraft of only 10 degrees during this event, we stilitaies The white-light signal in COR1 and COR 2 is caused hy
to assume that the jet has a physical relation to the présxistThomson scattering at free electrons and therefore thé tota
plume. By using dierence images, the emission of the plume isrightness observed by COR1 and COR?2 is proportional to
eliminated for the subsequent analysis. the line-of-sight integrated column density of coronatgiens.
Since in Fig[h we have subtracted the background and intsyra

. . . . the coronagraph signal across the jet cross section, thkings
2.2. The distance-time brightness relation image pixel counB(s, t—t;)) dsfor COR1 and COR2 in Fi§l5is
Based on the dierence images above, we determined the jetoportional to the number of jet particles at a distasedong
intensity in the EUVI images at 304 A and the white-light tothe jetin a height ranges resolved by the image pixel, i.e.,
tal brightness in COR1 and COR2 images for successive ti , ,
and diferent distances along the jet axis. The total brightnggfs’t_ to)dse N(s t-tg)ds, @)
wa; flntegre;]ted a}f[:_rosslthe J[ﬁt c_;r?ss_seclzttlor][hfor ea}Chaeﬁ))OWﬁere N(s t - ty)ds is the number of jet particles in a range
and for-€ach position along the€ Jet axis after INe pre-evaokdb ¢ o 5 gistances from the foot point of the jet and at a tinte

ground was subtracted. By integrating the brightness adhes Ty i . ;
jet width, at each distancethe density decrease caused by thgi(f?’eie;?)plii g;?? (tar;eosfscoétgiz ;(r)]r('jrec':sg%r;dmg pixel scaled for the

magnetic field line divergence was removed. Note that the int

gration along the line-of-sight direction is implicit ingtobser-

vation of the optically thin jet plasma. The distargalong the 3. Ballistic model

jet axis remains the only relevant spatial coordinate. Esalt- ) ) ) ) )
ing distance-time (DT) total brightness plot is shown in.[Hg For the analysis below, we assumed that in the investigated |
For a clearer view, the brightnesses of COR1 and COR? if Figagackage of particles ejected upwards witfiedlent speedso
are multiplied by 18 and 16°, respectively, to match the inten-Simultaneously during the initiation process. Note thatpze-
sity at 304 A. Therefore the absolute values in FFig. 5 are nf§f’ Vo iS the velocity component parallel to the jet axis. We did
comparable amongfierent instruments. The distance on the of0t consider the details of the perpendicular velocity,ofitis
dinate is the length along the jet axis from its footpoint a1 'elated to the gyro motion of particles. Moreover, all pziets

The samplinglsin the direction along the jet axis corresponds t§1at move upward follow the jet axis traced in the images from
the size of one pixel in the respective original images. Tinet ©1EREO A. Because we observed the jet very close to the so-

is in units of minutes and starts Bg — 04:46 UT. which was 'ar limb, we assume that the projectiofiezt does notféect the
the earliest observation time of the jet in all frames in HIjEl, "€Sults much.
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Each resulting orbit depends on two parameters, the inigal

locity vo and the timé that a particle is ejected from the surface.
97 Because we assumed that the particles were launched in@euniq
jet eventto was chosen to be identical for all orbits. Examples of
the calculated trajectories forftBrent initial velocities are plot-
ted as dots in Fid.]5 witk in the range from 250 to 700 km's
The orbit whose apex is close to the edge of the CORL1 occulter
at a distance of 500 Mm from the surface has the initial véyoci
400 kms?.

We have overplotted some particle trajectories in Eig. 5 for

a somewhat arbitrarily chosen starting titgeQualitatively, we
find that the brightness of a pixel in the DT-diagram is royghl
proportional to the number of orbits across it. Because the
brightness in white-light coronagraphsis caused by theridum
scattering and is hence proportional to the electron dgribig
variation in the jet brightness will be controlled by the tpze
motion. The distance between particles starting at the siznee
with different initial velocities will grow continuously accord-
ing to their orbits{t — to, Vo) obtained from EquL]2. To the extent
that the particle position will disperse, the observed liirigss
of the jet will decrease. This scenario qualitatively agregth
the observations in Fi§] 5. In the next section, we quantify t

0 50 100 150 200 250 phenomenon.
t — t, (min)

2500

2000

1500

s (Mm)

1000

500

3.2. The Jacobian

Fig.5. Image intensity for EUVI 304 and brightness for COR10 quantitatively compare the brightness variation catettie

and CORZB(s, t-t}) as a function of time and distance along th&2llistic particle motion to the observations from whitght
jet axis.t;) =04:46 UT, which is a reference time. The intensitie orontagréphEleORl S}nd C?Rlz’tw‘? etstl_mated thezje;&artlcle
and brightnesses were integrated across the jet width fnem £€"S! y (EquLlL) from the particle trajectories (EQu. 2)c

difference images (Fi@3.1 ah#l 3). The color code on the ridiif'Pos€. We equated the number of jet partitis,t — 1) in
indicates the 304 intensity in units of number of photonsnfFr IStance rangeto s+ dsat timet to the number of particles that

bottom to top the yellow dotted lines indicate particlegwpries tirgetf; were Lutsht inhtheh;ight range O(; ini:i?I vetlocitie@ to
with different initial velocities of 250, 300, 350, 400, 425, 4507 + GVo t0 reach the height rangeto s+ dsat timet.

475,500, 515, 530, 545, 560, 575, 600, 650, and 700kms  N(s t—ty)ds = f(vo) dvo (3)
Here, f(v) is the initial velocity distribution and = §(t — to, Vo)
3.1. The particle trajectory along the jet depends on the initial particle velocity. Combining Egunt&,
. . . we arrive at
The motion of a charged particle along the unperturbed ntagne f(vo)
field is obtained after averaging the forces over the partigho  B(st—ty) o« N(St—ty) = ———2— | (4)
phase J(t - to, Vo)
d3(t — to, v
s . dv r2 u, 0 where J(t —to, Vo) = y (5)
T @ Yraee cosa(8) - e a—SB(S) —acol  (2) Vo
) is the Jacobian of the particle orbit. It quantifies the iasieg
§0,v0) = T, &0, Vo) = Vo. dilution of the particle density along the jet with time. ligHg,

an example ofl(t —to, Vo) is plotted vs time fokg = 500 km s,

Here, St — to, Vo) denotes the distance along the field line andinitially vo deviates slightly, sagivo = 1 kms'*, after a certain
{(t — to, Vo) the corresponding velocity in whidp is the jet ini- time, say 50 mins, the fierence in distance along the jet is about
tiation time. The first term on the right-hand side is the gyav 4 Mm because Fid.]6 shows thaiatt — to = 50 min is about
force at radiug(s) from the Sun centerny, is the gravity on 4X 10%s.
the solar surface and is the inclination of the local magnetic
field that measures the angle between the local radial @rects Results and discussions
and the tangent of the jet axis. The second term represemts th )
mirror force driven by the particle’s invariant magneticrment  In this section, the observed brightness distributgg t -t )
u = mv2 /2B and the final term accounts for the deceleration @long the particle trajectories with given initial velaeg vo is
the jet particle by collisions with the background plasnmethie fitted by the corresponding Jacobiai($ - to, Vo) to derive the
following we ignore the mirror and collision term becauseyth scaling factors (vo) in Equ[5 and the optimal jet initiation time
are small at heights above 1Ir5where the coronagraph obserlo.
vations were made. In Se€f. ¥.3 we justify this choice in more
deta@l and d.iscuss possible modifications from our results c 4.1. Fit of the Jacobian to the brightness
cerning the jet properties closer to the surface.

We solved the second-order ordinaryfeiential equation From Equ. 4, we expect the observB(s, t — t;)) to be propor-
(Equ.[2)numerically by a fourth-order Runge-Kutta methodional to the inverse of the theoretici - to, Vo) for everyvy if



L. Feng et al.: Particle kinetic analysis of a polar jet froB(SCHI COR data
vo = 400 km s~ Vo = 440 km s™
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Fig. 7. Comparison of the inverse of the observed brightriB{sst — t ’o) times a fitted scaling factdi(vp) (red vertical bars) and the
theoretical Jacobiad(t — to, Vp) (black dashed curve) as a function of titne té) after jet initiation attp. t;) is a reference time at
04:46 UT. The diterent diagrams are obtained foffdrent initial velocitiesrp, which lead to diferent particle orbits = §(t—t , Vo)

along whichB(s,t—t,) is recorded. The vertical range of the red bars indicatesstimated error iB. The width between the two
solid black curves on both sides of the dased curve showsttigtion of J due to an uncertainty ity. For more details see text.
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tor represents the relative number of particles with thisah
o[ T T velocity in the jet source. Since Edu. 5 still includes a glob
| proportionality constant, the factof$vo) represent only relative
number densities at this stage of our analysis. All pararsete
were optimized for a best fit.

From the EUV observations we conclude that the jet started
between 04:46 UT and 05:06 UT. The first clear jet signal was
seen at 05:06 UT in 284 A and 195 A. There was a small bright-
ening at 04:56 UT as well. However, the signal was too weak to
be identified as the jet initiation. Therefore we assumetthiat
jet was ejected in the time range from 04:46 UT to 05:06 UT.
This uncertainty is also represented graphically in Eigy The
two solid curves to either side of the central dotted linereep
senting the Jacobian. An initiation tinig= 04:58 UT gives the
least sum of the chi-squared deviations for all initial wities
Vo. We found a three minute uncertainty, which corresponds to
the range ofy producing a¢? enhancement by 5 % aboyg, .

The comparison in Fidl] 7 implies that the inverse brightness
follows the Jacobian curves quite closely. Although thesfitot
perfect, we can say that the ballistic model in general can ex
Fig.6. One example of the Jacobian as a function of time fgyain the particle kinematic behavior, and hence the brigbs
Vo = 500 kms* andty = t, = 04:46 UT.t, is the jet initiation variation in this jet.
time andt;) is the reference time at 04:46 UT.

60 -

40

J = ds (Mm) / dvg (km s

20

0 oSN R NSRS RS S REER

0 50 100 150 200 250
t — 1, (min)

4.2. The jet source

the correct orbis = §(t - t,, Vo) is used in the first argument of Ag mentioned above, for eaghthe fit of J(t—to, Vo) to B(s, t-ty)
B and the initial timelo is chosen correctly. The constant of proyje|gs a scaling factof (vo) that is proportional to the total num-
portionality, f(vo), should then yield the unscaled initial velocCityher of particles with this initial velocity. Therefore, thustri-
distribution of the jet particles. SincK0, vo) = 0, we rather use pytion of f(vo) as a function ofl contains information about
the inverse of Equ. 4 to obtain estimates fpand f(vo) from  ihe initial velocity distribution in the jet source regicFhis ve-

fits of both sides of the equation. In FIg. 7, we show diagramscity distribution f (vo) is shown in Fig[B together with a fitted
for different initial velocitiesyy of the observed /B times the pjaxwellian distribution

fitted scaling factorf (shown as red crosses) in comparison to

the theoreticall (black dashed line) for our best estimategof f(vo) = C m ex —m(Vo — Vp)?

andf (vo). The initial velocities are chosen to be in the range from*'% ~ 2ne P 26

400 to 650 km'st, _ _ _
The uncertainty inJ(t — to, Vo) owing to a possible error in Heremis the averaged atomic mass in the solar corona and ap-

to is indicated by two solid black curves shifted with resped@roximated as 27mp, k is the Boltzmann constang is the

to the central dashed curve by the uncertainty in the iftiat mean kinetic energy of the particles in the source regionvgad

time. The estimated errors 6f B along the respective trajectoryvelocity shift of the Maxwellian. Becausgvo) is derived from

¥t - t;, Vo) are indicated by the vertical range of the red bar#e fit of Jacobian to the observed brightness, it does net ref

The error estimate was obtained from the noise in the COR1 dfdthe absolute fraction of jet particles with an initial eeity

COR2 diference images. At each positisralong the jet, the Vo. However, since brightness is proportional to electron beim

noise was calculated according to the standard deviatiofi density,f(vo) is thus proportional to the normalized velocity dis-

the brightness along a circle centered at the Sun centeritsithtribution. Therefore, we added a dbeientC in Equ.[6. In the

radius reaching the positiam In Fig.[7 only data points with a left panel of Fig(B, the parametessandv, are chosen to obtain

brightness h|gher tharo3are included. The uncertainty of B the best fit to the observed ValueSf((f/o). The fit results in the

indicated by the red bar represents i#8r levels of the bright- values ofec = 2.6 x 107 erg for the mean kinetic energy and
nessB. Vb = 230 km s for the velocity shift.

The slope ofd(t - to, Vp) att — tq is independent of. The Because orbits with an initial velocity below 400 knt slo _
enhanced slope af with time reflects the decrease dfextive Not reach the field of view of COR1 and COR2, we are lacking
gravity with the distance from the Sun. Particles with highe  f(vo) in the velocity range below this threshold. For this reason
tial velocities tend to have less dilution of density (sreesllopes OUr fit is somewhat insensitive in particulartg We therefore
for J), which is indicated qualitatively in Fig] 5 as well. The plo@lso considered another fit in the right panel wheyés set to
of curved in Fig.[7 is terminated either at the time when jet paZero. We then found a higher mean kinetic energy.45&10 1
ticles hit the solar surface in the cases of leywor at the time €r9. _ _
when the particles leave the FOV in Fg. 5 in the cases of high In either case, we found an enhanced higher energy tail at
Vo. Vo > 600 kms? that cannot be fitted to a Maxwellian. This de-

According to Equm, there are two parameters that Cé{ﬁition from a MaX\.N-elhan |n the Jet source d_IStrlbutlon I’TW
be modified to obtain a close fit betweelft — to, Vo) and the (esult of a specific heating and acceleration proce$eqgét
f(vo)/B(s.t — to). One is the jet initiation timé, which is the particles. S o )
same for all diagrams. A changeticorresponds to a horizontal I addition to the jet initiation time and the initial velogi
shift of the red bars in all diagrams simultaneously. Nengr¢ distribution we have determined the absolute mass ejegted b
is a scaling factof (vo) for each diagram individually. This fac- the jet. For a white light coronagraphimage, the electréaroa

: (6)
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imation, we assumed that the jet was lying in the plane of sky,
[T ) so that we have a scattering angle= 90° for the Thomson
101 ] scattering.

1 For the jet observations at= 05:45 UT when it was most
prominent, the total brightness has been integrated athess
width, say integrated ovely to deriveB(s,t — tp), which again
was integrated ovets along the jet. If we relate this final inte-
gration to Equl17, we derivf Nedldgds. The result corresponds
to a total number of 1L x 10°’ jet particles seen above the occul-
ter at this time instance.

From our trajectory analysis this number is related to the
particles in the velocity range ok from 400 to 600 kms'.
Depending on the extrapolation in velocity space preseimted
Fig.[d, we may extend the above particle number estimatesto th
0 100 200 300 400 500 600 700 total number of jet particles. The two cases shown there ean b

Vo (km s™) considered as two extreme cases. The total number of jat part
cles obtained this way will then lie betweek 10°8 (Fig.[8 left
case) and 8 x 10% (Fig.[ right case). It corresponds to the jet

- mass between 3x 10'* and 18x 10'° g. Note that these extrap-
10 =~ ] olations must be treated with some care. They rely on the fact
i S that the distribution has a strictly Maxwellian core andrettee
8 N\ ] respective parameters are estimates only based on thevetser
% distribution of the far tail. Also, the resulting particleimber
ﬁ% R may seem large compared to previous estimates merely from
ﬁ& coronagraph observations, e.g. the COR 1 data at 05:45 UT, be

cause it includes all particles involved, also those wittoa |
initial velocity vp, which are not seen in the coronagraph images
\HhA at all.
2r \ We may use these number estimates to speculate about the
[ \ particle number density in the source region. If we divideghr-
0 Lo b s ticle number by a typical source voluriigp, we obtain the prob-
0 100 200 300 400 500 600 700 able number density at the height where the jet heatingoand
vo (km s77) acceleration took place. Here, the volume of this jet soueee
gion is assumed to be the apparent size of the bright poihtein t
Fig. 8. Top: the distribution of the scaling factd(vo) as a func- 195 A pre-eventimage. We estimate this volumed 2?® cn®,
tion of vp in natural logarithm with a fit by the Maxwellian distri- which yields an electron density betweex80° cm2 for the
bution. Bottom: similar to the top one, the fit by the Maxwelli case that the jet was heated and accelerated, antoy cm 3
distribution with fixedv, = 0 kms*. for the case that the jet was only heated. The densities pre ty
ical for the upper chromosphere or the low corona and we may
conclude that the jet material was heated and possibly eccel
ated in this height region. Based on the valueNgre, andVgp
above, the total kinetic energy of all jet particles in therrse
regionEy = (1/2)Nee&Vpp can be estimated which was between
2.1x 10?8 erg and 24 x 10?° erg. This energy is consistent with
typical energies for microflares, indeed our estimate lethée

ALOG(f(vy))

ALOG(f(vy))
Fa

density scattering into each pixel is proportional to thiébcated
pixel total brightness. Since we have subtracted the wigjte-
background, only the jet particle density remains from tak
culation. Moreover, the brightness in Fig. 5 was also iratg
across the jet widths. If we additionally integrate along tlis-
tances, we obtain the total_number of jet particles visible in th igher energy range of the microflare energy spectrum froth 10
coronagraphs at any one time. . to 10% erg. Again we caution the reader that these numbers are
The relations between the image nd the 1 2sed on the extrapolation of the particle velocity distiitm as
electron_densityNe were _e_stabllshed b rm“"30)Shown in Figd8. In particular, we implicitly usg = 0 kms™ as
van de Hulst/(1950) and Billings (1966). For our purposes, Wee |ower bound of the distribution for jet particles. Thecen
modified them to tainty of this lower bound has a strong impact on the estichate

By moNedl . . total number of jet particles, less impact on the kineticgné
B= _—©  [1-)(2C-AsiP )]+u@D-BSIP L (7)  pe souree regic‘m_p P o

T 1-u3 2
where B, is the physical mean solar brightness (MSB) that is ) o
used as units in which calibrated COR1 and COR2 observatich3- Mirror force and collisions

are expresse@, B,C, apdD are known fu,nctions of the distance—l-he fits of J(vo, t) to f(vo)/B(s t) in Fig.[d as functions of time
of the scattering location from the Sun’s center that &Pt ¢ atier jet initiation are in general good but not perfect. fogo
dependence of the scattered polarization on the size oblfe S yeq) of this imperfection can be attributed to image noispee
disk as seen from the scatten@accounts for the solar disk limb cially for high values of, i.e., low observed brightnessBés t).
darkening anar is the diferential Thomson scattering cross secrpjs could be considered as evidence that the particleisrit-
tion. Foru, we used the conventional value of 0.56 for the Wh'teﬁciently well described by the action of the gravity forcerad.

light spectral range. Finallye dl is the electron column density |, s subsection we discuss the terms that we neglected fro
along the line-of-sight direction through the jet. As an Ep@
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the full equation[(R), the mirror force and collisions, anuifout 8
the conditions under which they might become important.

We approximate the Sun’s polar magnetic field by a dipole
field. Then the magnetic field strength above the pole is

5 oH e
H = H@r—3 N W = —3H@r—4 N (8)
whereH, is the field strength at the pole. The mirror force on
an individual particle can then be written Bs, = poH/dr and
therefore decreasesas ~* with distance from the solar surface.
Note thatu = mv2 /2H is the particle’s magnetic moment and an
adiabatic invariant of motion provided that the spatiaiations
of the magnetic field are smooth. On the other hand, the gravit ‘ ‘ ‘
felt by the particle decreases asr=2 and hence less rapidly 2 3 4 5
than the mirror force. On the surface of the Sun, comparigon o " eun
the mirror force and gravity force shows that the latter duates 0.0
as long as the local escape velocitg4€2/r(s))Y/? well exceeds '
the perpendicular velocity, . For a thermal speed on the order
of the escape velocity of 618 km's a temperature of 46 MK is
required.

The other &ect neglected in our analysis are possible
collisions of the jet particles with the coronal plasma back
ground. In order to estimate thigfect, we used as an esti-
mate of the collisional deceleratiogpthe friction codficient
of the Fokker-Planck collision term in a kinetic plasma digsc
tion(e.g.lIshimarli (1973)). The deceleration dependbene-
locity v of the jet particle relative to the thermal velocityierm
of the coronal background, which is assumed at rest. Then for
singly charged particles, -2.0

log(n/cm®)

- o
o o

l0g (-8, /km s7?)

'
=
[¢)]

15 20 25 3.0
M gun

. 3
acoll(V) = —signf) —= InA G(——). 9) _
mig Viherm Fig.9. Top: Electron density assumed for the background

h is the el h th | ol Debyecorona, adapted frpnh Qué merais & LdMOOZ_)_. Bottom:

Yéngiﬁ ea|rs]dt I(ranet?](grcr)ensgeiigichoslOcnoqrbor;gg;)r%s]ma Ar? ixqe_Colllsmnal deceleration of the jet particles for veloegtiof 400
. 2 . 1

plicit assumption in EqUI9 is that the background plasma higs600 kms 'h” steps of 50 Ikmsl I(SOI'Q’ fr(()jm ﬂggt to left)
a Maxwellian velocity distribution. The velocity dependen cOmpared to the gravitational accelaration (dashed).
in the Fokker-Planck collision term generally expressed by

Rosenbluth potentials can then be reduced to the Chandimselﬁ-he fact that the distribution in Fig] 8 closely fits to a Maxies

function (Rosenbluth et all. 1957) at lower velocities may be evidence for these collisional-pr
1d erf(x) cesses at lower heights.
G =55 (%) In the above collision estimate, we have ignored the solar

. ) ) ) wind in the distribution of the coronal background particleé/e
The velocity of the jet particles is well ahead @ferm ON @  expect that this does not alter our conclusions substantiat
large part of their orbit, therefor& is needed for large ar- cause below about 1R, where collisions matter, the solar wind
guments for which it decays as 1/2x*. Hence faster parti- js probably still subsonic. At greater heights, where thiarso

cles feel less collisional deceleration, which eVentua%ld wind Speed becomes Significant’ the collisional Coup“ng"lef

lead to a runaway of energetic particles (el.g.. Dreicer §195 et particles is scarce.

'Springmann and Pauldrach (1992)). _ _ However, a more serious point is that the acceleration mech-
For our estimates we assumed a density as in the left paggism that drives the solar wind may alsteat the jet particles

of Fig.[ adopted from Quemerais & Lamy (2002). In the righind should then be added as additional term to the right-hand

panel of Fig[® the resulting deceleratiayg for different veloci- gjge of EqulR. A physical mechanism for this acceleratios) ha

ties and the gravitational acceleration are compared. €30t however, not been identified yet and any such acceleration te
of collisions in our analysis is justified above about fl-4for  would be highly speculative.

particles with 400 kms and for even lower heights for faster
particles. For heights below, the coupling of the jet pético
the background plasma is very intense and a single partielle a 5. Conclusions

ysis of the jet seems no longer justified. . . o
The dfect these collisions will probably have is that parf'€ have followed the evolution of a big eruptive jet event ob-
of the jet's momentum will be transferred to the backgrou rved by.SE.CCHI in both EUVI images and the.CORl qnd
OR2 white-light coronagraphs. Based on the distance-time

plasma, which in turn is accelerated. Therefore not alligas ahtness analvsis. we found that a ballistic model foridie
we see above the occulter may be original jet particles, had P 9 ; ysiS, : . X J
6)art|cles in general can explain quite well the brightnessav

distribution function we deduced in Figl 8 may be the restilt
some interaction of the original jet with the backgroundspia.
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tion beyond 1.5, in the COR1 and COR?2 fields of view with Ishimaru, S., 1973, Basic principles of Plasma Physicsjabein Inc., London
gravity as the dominant acceleration of the jet particles. Kagﬁli% Ei' Curdt, W., Teriaca, L., Inhester, B., & Solanki,iS 2010, A&A,
Additional parameters were derived or at least esUmatqgo,y VK. etal. 2005, ApJ, 623, 519
such as the initiation time, the initial velocity distriban, and | jeharia’'A., Themisien, A., & Lamy, P. 2002, Advances irap Research, 29,
the number of the jet particles. The derived initiation tiseon- 343
sistent with the EUVI observations at lower altitudes. Titigal Lites, B. W., Card, G., Elmore, D. F., Holzer, T., Lecinski, Streander, K. V.,
velocity distribution was fitted by two Maxwellian distritans _Tr?a'gftzy,\‘;lv ?5386 Gz“;(maf’zég B. 1999, Sol. Phys., 190, 185
with d|ff¢rent mean kl_ngt_lc energies. The good agreement withya ' ol 1é97,péo|'. Phys., 175, 571
Maxwellian for lower initial velocities may be due to colb®is  patsourakos, S., Pariat, E., Vourlidas, A., Antiochos, S&Nuelser, J. P. 2008,
at heights below 1.4,. At high initial velocities, the distribution  ApJ, 680, L73
deviates from the Maxwellian toward a power law tail that maQuémerais, E., & Lamy, P. 2002, A&A, 393, 295 _
be a result of the jet acceleration process. The total jetgper agggg' Z,Jf‘éspfrﬂig? J.D., Norton, A. A., Henney, C&Solanki, S. K.
guqub%rfggzlgme“c energg_/ Slljm up to about 1.6 to@@® and Rosenbiuth, M N’. and MacDonald, W. M. and Judd, D. L. 1957ysRial
Adto erg, respectively. Review, 115, 238
We neglected theffect of the magnetic mirror force and ofShibata, K., et al. 1992, PASJ, 44, L173
Coulomb collision. As discussed, they might have sorffiece ghir?:ti'];{heLaLV\?Oé)?énS(jC:De:SE'r:éﬁ' i53\/1A 1992, AgA. 267551
on the kinetics of the jet particles at Iower.altltUdeS' Ntbmt SE C)?r, 0. C etal. 1997, Correlated Phenomena at the émMeiHeIiosphere
these two forces counteract each other: while the collsswith and in Geospace, 415, 103
the background plasma will decelerate the particles, tlreomi van de Hulst, H. C. 1950, Bull. Astron. Inst. Netherlands, 135
force accelerates them away from the Sun. Especially tirecior W?r?gl' Y}Q" ?t ?'-210%918, TAthAS?S' 899 4 Astrophysics Rey 19, 35
modeling of the Coulomb collsions below 14 requires addi- \WINEIL . &3 20 e jetonany e etoonyses 1o 36,
tloga}{ asslum_?tlons, e.g., about the coronal backgrounsityen 1999 ‘ApJ, 523, 444
and its velocity.
We outlined the basic idea of a new kinetic jet analysis. In
the future, a more sophisticated kinetic model of the jet imay
compared to white-light observations. We have shown that th
comparison allows one to constrain details of the jet whialla
not be derived in previous studies. More work needs to be done
in these directions. Moreover, more jet samples are redjtiire
find out to which extent a jet is embedded in the ambient solar
wind and how the jet interacts with it.
PROBA-3, which will be launched in a few years, will have a
coronagraph with a FOV of 1.04 tor3. It will provide us with a
broader initial velocity coverage because the lower véjdirnit
depends on the occulter’s size . Therefore we will have less u
certainty in the initial velocity distribution, the eleotr density
in the jet source region, etc. The higher temporal obsermati
with more wavelength coverage from AIBDO will help deter-
mine the jet initiation time more precisely.
Recently| Raouafi et Al. (2008) found that a jet was very of-
ten succeeded by a plume above the jet launch site. Integésti
in our jet study a plume was visible in both EUVI and
CORL1 before the jet. This phenomenon was also observed by
LLites et al. [(1999) and other white-light observations inS@0O
C2 (Llebaria et al., 2002). However, no definite conclusisn i
given concerning the relation between plume and jet. A time s
ries of 3D reconstruction of both plume and jet needs to beemad
to find the answer to this question.
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